The quartic force field of ethylene, C 2 H 4 , has been calculated ab initio using augmented coupled cluster, CCSD͑T͒, methods and correlation consistent basis sets of spdf quality. For the 12 C isotopomers C 2 H 4 , C 2 H 3 D, H 2 CCD 2 , cis-C 2 H 2 D 2 , trans-C 2 H 2 D 2 , C 2 HD 3 , and C 2 D 4 , all fundamentals are reproduced to better than 10 cm
C isotopomers C 2 H 4 , C 2 H 3 D, H 2 CCD 2 , cis-C 2 H 2 D 2 , trans-C 2 H 2 D 2 , C 2 HD 3 , and C 2 D 4 , all fundamentals are reproduced to better than 10 cm
Ϫ1
, except for three cases where the error is 11 cm
. Our calculated harmonic frequencies suggest a thorough revision of the accepted experimentally derived values. Our computed and empirically corrected r e geometry differs substantially from experimentally derived values: Both the predicted r z geometry and the ground-state rotational constants are, however, in excellent agreement with experiment, suggesting revision of the older values. Anharmonicity constants agree well with experiment for stretches, but differ substantially for stretch-bend interaction constants, due to equality constraints in the experimental analysis that do not hold. Improved criteria for detecting Fermi and Coriolis resonances are proposed and found to work well, contrary to the established method based on harmonic frequency differences that fails to detect several important resonances for C 2 H 4 and its isotopomers. Surprisingly good results are obtained with a small spd basis at the CCSD͑T͒ level. The well-documented strong basis set effect on the 8 out-of-plane motion is present to a much lesser extent when correlation-optimized polarization functions are used. Complete sets of anharmonic, rovibrational coupling, and centrifugal distortion constants for the isotopomers are available as supplementary material to the paper via the World-Wide Web. © 1995 American Institute of Physics.
I. INTRODUCTION
Any accurate ab initio calculation has two main issues to contend with: convergence in the one-particle space ͑i.e., the finite basis set͒ and truncation of the n-particle space ͑the electron correlation method͒. The development of efficient and accurate electron correlation methods such as CCSD͑T͒ ͑i.e., coupled cluster 1 theory with all single and double substitutions 2,3 with a quasiperturbative account for triple excitations 4 ͒ has more or less resolved the n-particle space convergence issue for molecules that do not exhibit pathological nondynamical correlation effects. 5, 6 Advances in algorithms, software, and computer technology, on the other hand, have made it possible to routinely use one-particle basis sets of spdf and even spdfg quality. This has finally turned chemical accuracy calculations into reality, rather than a publicity slogan. For example, in a recent systematic study, 7 total atomization energies could be predicted to within as little as 0.5 kcal/mol mean absolute error, and geometries to within as little as 0.001 Å using simple empirical corrections.
Recently, the authors have been involved in a series of papers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] in which anharmonic force fields of small polyatomics were calculated using the CCSD͑T͒ method with basis sets of spdf and spdfg quality. Not nearly all problems have been resolved-for example, one-particle basis set deficiencies still show up in the lowest bending frequency of C 2 H 2 21 -but on the whole, reproduction of fundamentals to better than 10 cm Ϫ1 is the norm.
While the technique has become essentially routine for triatomic molecules, and there have been several successful applications to tetratomics ͑e.g., C 2 H 2 , 21 H 2 CO, 12 and H 2 CS 20 ͒, the largest molecule treated so far has been CH 4 , 15 which is a highly symmetric penta-atomic molecule. CH 4 is also the largest molecule for which reasonably accurate experimental anharmonic force field information is available. 23, 24 An obvious candidate for the next step would be the ethylene molecule, C 2 H 4 . While it has been the subject of considerable experimental studies ͑e.g., an extensive series of papers by Duncan and co-workers [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ͒, the size of the molecule ͑12 vibrational degrees of freedom͒ precluded any comprehensive experimental analysis, although a generalized harmonic force field ͑GHFF͒ has been derived 27, 29 and the Fermi resonance polyads in various isotopomers have been analyzed using local mode models. [30] [31] [32] 34, 35 As a result, val-ues are known for almost all fundamentals of the following 12 C isotopomers: C 2 H 4 , C 2 H 3 D, H 2 CCD 2 , cis-C 2 H 2 D 2 , trans-C 2 H 2 D 2 , C 2 HD 3 , and C 2 D 4 , as well as for some 13 C species, and full sets of accurate fundamentals are available for C 2 H 4 36-41 and for H 2 CCD 2 . [42] [43] [44] From the GHFF, estimated harmonic frequencies are available; 27 using new and more experimental data, this analysis was later refined. 29 Less information is available on the geometry. r 0 geometries have been derived by Allen and Plyler, 45 as well as by Duncan et al. 25 An r g geometry was obtained from electron diffraction data by Kuchitsu, 46 who also derived an r z geometry and a ''crude guess'' of the actual equilibrium geometry r e . More precise r z geometries were obtained by Duncan 28 and by Hirota et al. 47 No accurate r e geometry has been obtained to date. ͑A concise discussion of the relationship between the various kinds of measured geometries has been given by Kuchitsu. 48 ͒ Accurate rotational constants up to sextic centrifugal distortion have, however, been published by Cauuet et al., 38 who also analyzed the Coriolis interaction polyad involving ͕ 4 , 7 , 10 , 12 ͖ in detail. Coriolis interaction is of greater than apparent interest for ethylene, since virtually the only way to study 4 -which is both IR and Raman inactive-in detail is through its Coriolis interaction with the other modes ͑see, e.g., Refs. 38 and 39͒.
Among the first correlated ab initio studies of C 2 H 4 was the work of Lee et al., 49 who performed SCF, TCSCF ͑two-configuration SCF͒, CISD ͑configuration interaction with all single and double excitations͒, and 2RCISD ͑two-reference CISD͒ calculations with double-zeta plus polarization ͑DZP͒ and triple-zeta plus two polarization ͑TZ2P͒ basis sets. ͑While C 2 H 4 is not usually thought of as a multireference system, the 2 →* 2 excitation is quite important and has a coefficient of Ϫ0.213 in the 2RCISD/DZP calculation at the computed equilibrium geometry.͒ TCSCF is seen to result in a marked improvement over SCF, while CISD and 2RCISD are of comparable quality for this molecule. Perhaps the most noteworthy feature is the severe basis set dependence of the asymmetric out-of-plane frequency 8 , which increases from 816 to 939 cm Ϫ1 upon improving the level of theory from 2RCISD/DZP to 2RCISD/TZ2P. ͑The experimental fundamental 27 is 940 cm
Ϫ1
.͒ Clabo et al. 50 computed the quartic force field at the SCF/DZP level, and combined the resulting anharmonicities with CISD/DZP harmonic frequencies. As to be expected at this level of theory, agreement between computed and experimental harmonics and fundamentals left something to be desired. From experimental rotational constants 26 and computed rovibrational coupling constants, 50 an estimated r e geometry was derived that is ''broadly consistent'' with Kuchitsu's. 46 Handy and co-workers 51 obtained harmonic frequencies at the MP2 ͑second order Mo "ller-Plesset perturbation theory 52 ͒ level 53 with large basis sets ͑up to spd f quality͒ as well as using Becke-Lee-Yang-Parr 54 ͑BLYP͒ density functional theory. Among lower-level calculations, we mention the MP2/6-31G* study by Pople et al. 55 as well as an MP2/6-31G scaled quantum mechanical ͑SQM͒ 56 force field study. 57 To date, no really accurate anharmonic force field of ethylene has been provided, although Machida and Tanaka 58 have presented a GHFF supplemented with a few anharmonic force constants. The purpose of the present paper is an attempt to remedy this situation.
II. COMPUTATIONAL METHODS
All calculations were performed at the CCSD͑T͒ 4 level of electron correlation. The acronym stands for CCSD ͑coupled cluster with all single and double substitutions͒ 2, 3 augmented with a quasiperturbative account for connected triple excitations. 4 Extensive applications 7, 59 have shown this method to consistently yield results very close to full configuration interaction if nondynamical correlation effects are not too large, that is, if the T 1 diagnostic 60 is not too high. ͓For ethylene, T 1 ϭ0.011 only, which indicates a system largely dominated by a single reference configuration. This is further supported by the coupled-cluster amplitude ͑interme-diate normalization͒ for the 2 →* 2 excitation, which is Ϫ0.12.͔ Two basis sets, all of the correlation consistent 61 family of Dunning and co-workers, have been considered. These are denoted cc-pVnZ, i.e., correlation consistent polarized valence n-tuple zeta, where nϭD for double and T for triple zeta. The cc-pVDZ and cc-pVTZ basis sets correspond to [3s2p1d/2s1p] and [4s3 p2d1 f /3s2p1d] contractions of (9s4p1d/4s1p) and (10s5 p2d1 f /5s2p1d) primitive sets where, as customary, the part after the slash denotes the basis set for hydrogen. For ethylene, these basis sets involve 48 and 116 basis functions, respectively. The carbon (1s)-like orbitals were constrained to be doubly occupied in the calculation, and spherical harmonics rather than Cartesian d, f functions were employed throughout.
To facilitate comparisons, the symmetry coordinates were defined exactly as in the work of Lee et al. 49 The geometry was first optimized to six figures or better using repeated multivariate parabolic interpolation, where the step size was reduced progressively as convergence was approached. A grid was then set up of all the points required to determine all nonvanishing quadratic, cubic, and quartic force constants by central finite differences. Cartesian coordinates were determined for all these points, and the symmetry-unique geometries identified by comparing sorted distance matrices. Thus a ''petite list'' of 838 points remained, of which 129 have D 2h symmetry, 402 and 279 belong to subgroups of order four and two, respectively, and 28 have no symmetry at all. After the energies are obtained for each point, they are mapped onto the ''grande list'' by reversing the algorithm, and the force field in symmetry-adapted internal coordinates is obtained.
The individual energy calculations involved in mapping the potential energy surface were run on two IBM RS/6000 model 365 workstations at Limburgs Universitair Centrum ͑LUC͒ using the closed-shell coupled cluster program from TITAN 62 interfaced to MOLCAS 2. 63 Together, these calculations took several months to run. Even so, a few points with point group C 1 ͑no symmetry͒ in the cc-pVTZ basis set could not be completed due to disk space limitations ͑only 2 GB of scratch space was available on each machine͒. These were completed on the Cray C90 at San Diego Supercom-puter Center ͑SDSC͒ using a program system composed of the two-electron integral program SEWARD 64 from MOLCAS 2, the SCF and integral transformation portions of MOLECULE-SWEDEN, 65 and the aforementioned coupled cluster program.
Finally, the spectroscopic analysis was carried out using straight second order rovibrational perturbation theory 66, 67 as implemented in the SPECTRO program. 68 Fermi resonances are treated in the customary way by deleting the resonance interaction from the contact transformation and treating it separately by diagonalizing the corresponding eigenvalue problem. Because of the number of degrees of freedom in the system ͑12 vibrational and 3 rotational͒, a variational treatment-which is definitely preferable under such circumstances-is simply not an option at present.
III. RESULTS AND DISCUSSION
Computed harmonic frequencies at the CCSD͑T͒/ccpVDZ and CCSD͑T͒/cc-pVTZ levels are given in Table I, together with previously computed values and the experimentally derived ͑GHFF͒ harmonic frequencies of Duncan et al. 27, 29 Three of the CCSD͑T͒/cc-pVTZ harmonic frequencies, namely, 2 , 8 , and 10 have errors with respect to experiment 27 that are definitely out of the ordinary: ϩ17, Ϫ17, and Ϫ20 cm Ϫ1 , respectively. Two others, 5 . Inclusion of a weak perturbation of 5 by 2 ϩ 6 shifts 5 up by 1.5 cm
Ϫ1
, but somewhat worsens agreement for 11 due to the effect on deperturbed bands involving 2 . No evidence is seen for a perturbation 3 ϩ 2 Ϸ 1 , which was suggested by Duncan and Hamilton 29 but not considered in later work. It is not surprising, given the prominence of resonances in this molecule, that a fairly simplistic GHFF analysis results in serious errors in the harmonic frequencies. With due caution, we would suggest that our computed CCSD͑T͒/ccpVTZ harmonic frequencies are more reliable than the experimentally derived ones.
The four harmonic frequencies derived by Duncan et al. 31 for the CH stretching manifold from a local mode model-1 ϭ3131.8, 5 ϭ3200.9, 9 ϭ3221.0, and 11 ϭ3108.2 cm
-are all systematically too low, as is to be expected since no anharmonic contributions from any of the other modes have been considered.
Returning to the harmonic frequencies ͑Table I͒, the CCSD͑T͒/cc-pVDZ values are surprisingly close to the CCSD͑T͒/cc-pVTZ ones, with the notable exception of 8 , which is computed 33 cm Ϫ1 lower. This is the mode for which Lee et al. 49 observed a much larger basis set effect of no less than 123 cm Ϫ1 upon going from 2RCISD/DZP to 2RCISD/TZ2P. ͑The high basis set sensitivity of this mode was also discussed in detail by Jordan and co-workers. 69 ͒ Perhaps the most crucial difference between the HuzinagaDunning DZP set 70 and the cc-pVDZ basis set is that the carbon d-function exponent in the former has a value that is larger than the value optimized for the atomic correlation energy. Since there are two d functions in the TZ2P basis set, nonoptimal values for the individual exponents have less severe consequences. This again confirms the suggestion of Martin and Lee 71 that the cc-pVDZ basis set should supplant the Huzinaga-Dunning DZP set in correlated calculations.
With a basis set comparable to the cc-pVTZ one in size, Handy 53 still overestimates stretching frequencies by as much as 50 cm Ϫ1 at the MP2 level, although the errors for bending frequencies appear to be smaller, and the out-ofplane modes are in fairly good agreement with experiment and our own coupled-cluster calculations. This suggests that higher-order electron correlation is chiefly important for the stretching vibrations, as is to be expected.
The main problem with the density functional results of Handy et al. 51 is that CH stretching frequencies are severely underestimated. A significant underestimate is also seen for the CC stretch, while most of the other frequencies are in reasonable agreement with experiment and our calculations.
Finally, the most noteworthy difference between CISD/ DZP and 2RCISD/DZP results is perhaps the very significant drop in 8 . Other significantly affected modes include 2 , 3 , 4 , and 7 .
As for the fundamentals, here again good agreement is seen between CCSD͑T͒/cc-pVDZ and CCSD͑T͒/cc-pVTZ values. This would appear to suggest that the anharmonic corrections for both levels of theory are in good agreement as well: We see this indeed in Table III . Individual differences are larger than have been seen in previous work ͑e.g., on CH 4 ͒, 15 but the main qualitative features are all correct. Agreement between CCSD͑T͒/cc-pVTZ and the experimentally derived ͑GHFF͒ values is fairly poor, as was to be expected given the evident problems with the GHFF harmonic frequencies. The only other set of anharmonic corrections available is the SCF/DZP calculation by Clabo et al. 50 Differences here are large, and sometimes qualitative rather than quantitative. In that work, 50 all Fermi type 1 and type 2 interactions for which the gap between the ͑harmonic͒ zeroorder states is less than 50 cm Ϫ1 were taken into account; inspection of the SCF/DZP harmonic frequencies reveals a false Fermi resonance 3 ϩ 2 Ϸ 1 , as well as an exaggeratedly large 2 10 Ϸ 2 one, while the important actual 2 ϩ 12 Ϸ 11 interaction is not seen at all. This illustrates a main pitfall of using SCF/DZP anharmonic corrections for large molecules together with more sophisticated harmonic frequencies: The more modes the molecule has, the more important resonance interactions will become, and the greater the chance that a low-level treatment will produce qualitatively incorrect anharmonicities due to different underlying resonance structures.
This becomes even clearer when we inspect the individual anharmonicity constants X i j ͑Table IV͒. X 2,11 and X 2,12 are just two examples of constants that differ qualitatively between the CCSD͑T͒/cc-pVTZ and SCF/DZP force fields.
We may now compare the Fermi resonance constants with the available experimental values. Our calculated k 2,10,10 ϭ26.25 cm Ϫ1 is in excellent agreement with the observed one 32 
Here, the usual convention ͑see, e.g., Ref. 72͒ has been followed, in which a lower-case k denotes a force constant in the original potential and an upper-case K denotes a constant after the contact transformation has been applied. Equation ͑1͒ has eigenvalues of 2977.1, 3074.1, and 3097.5 cm
, the former two of which are both somewhat lower than the experimental ones. This interaction was not accounted for in the local mode analysis, and probably explains at least a substantial part of the discrepancy between computed and local mode k 2,11,12 .
Duncan and Robertson 33 ͑DR͒ determined a partial set of anharmonicity constants from the experimental levels, although they applied a number of constraints for the ones involved in the CH stretch local mode polyads. In general, the larger anharmonicity constants agree quite well with our calculations, as do many of the smaller ones. Two groups of constants are constrained in the DR data: The ones involving the stretching manifold are set equal to local mode approximation values, and the anharmonicity constants that couple CH 2 stretching to CH 2 scissoring have been set equal to an average value. While the former approximation appears to hold quite well, this is not true for the latter: Some of our computed ones are significantly higher and others significantly lower. Furthermore, one of the constants ͑X 11,12 ͒ is involved in the severe 2 ϩ 12 Ϸ 11 resonance: in that light, involving it in an equality constraint with several others does not seem to be a good idea.
DR also give a partial set of anharmonic constants for 1,1-dideuteroethylene. By and large, the same conclusions hold here ͑Table IV͒. 27 but whenever possible, more recent data have been included ͑e.g., from the work of the Duncan group on local mode models of the stretching manifolds [30] [31] [32] 34 ͒, especially for H 2 CCD 2 , the fundamentals of which have been studied in some detail. [42] [43] [44] ͑A compilation of available accurate data for C 2 H 4 and H 2 CCD 2 is given by DR.͒ Some of the data for C 2 HD 3 come from Ref. 27 , most of it from the 1988 and 1993 work of the Duncan group on local mode stretching polyads. Unless specifically indi- cated otherwise, accuracy is 1 cm Ϫ1 for the older and 0.1 cm Ϫ1 for the more recent data. While running spectroscopic analyses for the various isotopomers we encountered a significant methodological problem. It is far from clear a priori which Fermi resonances are to be included in the analysis. The usual empirical criterion-as programmed into SPECTRO-is based on identifying index combinations for which 2 i Ϫ j or i ϩ j Ϫ k fall below a certain threshold. In the present case, however, this technique failed to identify several resonances which are manifestly present experimentally and, when included, turn out to result in substantial perturbations of the bands involved, while the method also detects several resonances that then turn out to result in insignificant perturbations because the K ii j or K i jk connecting the states are very small. This issue is discussed in detail in Appendix A, where a formula is derived that gives a fairly good estimate of the difference between explicitly including a Fermi resonance and absorbing it into the anharmonicity constants. This formula has been applied extensively here, and almost invariably appears to identify the correct resonances.
Two Fermi type 2 resonances are found to be present in C 2 H 3 D: 2 ϩ 12 Ϸ 1 and 2 ϩ 10 Ϸ 11 . Neglecting the former yields a 1 that is almost 10 cm Ϫ1 too low, while including it puts it 3.2 cm Ϫ1 higher than experiment, or in essentially as close agreement as we can reasonably expect. Again, we find disagreement between computed ͑k 1,2,12 ϭ96. 61 it to be part of a triad involving 5 30 -we find it as part of a triad with 2 2 and 2 ϩ 12 . Including just the Fermi resonance constants in the matrix yields calculated energy levels 2940. 4 , respectively͒ Fermi resonance constants seems disappointing. Given the agreement between computed and observed fundamentals, however, this is probably no great cause for concern. ͑Much larger deviations would be seen if these constants were really off by a factor of 2.͒ In cis-C 2 H 2 D 2 , we again find agreement to better than 10 cm
, except for the missing 4 . 9 is involved in a particularly severe Fermi resonance with 2 2 , which renders the uncorrected value essentially nonsensical. ͑The perturbed 9 of 3053.9 cm Ϫ1 is in as good an agreement with the experimental value 27 of 3059 cm Ϫ1 as can reasonably be expected.͒ 5 is somewhat perturbed by 2 ϩ 12 , the corrected frequency being 3.3 cm Ϫ1 higher ͑and closer to experiment͒ than the uncorrected one. Another weak resonance is seen between 3 ϩ 6 Ϸ 11 ; the coupling constant here is very small but the unperturbed states are essentially degenerate.
For trans-C 2 H 2 D 2 , we again stay within 10 cm Ϫ1 of experiment except for the 8 out-of-plane mode ͑11 cm Ϫ1 too low͒. This time, 5 is involved in severe resonance with 2 2 . At least as important-since the uncorrected frequency is clearly nonsensical-is the 6 ϩ 12 Ϸ 11 resonance, which additionally forms a triad with 2 ϩ 10 . ͑Omitting this third partner increases the difference with experiment from Ϫ2.6 to Ϫ9.5 cm
.͒ Neglecting the higher-order interaction constant K 2,6,10,12 , we obtain 2215.3, 2270.4, and 2303.4 cm Ϫ1 as energy levels for the triad. Finally, a weak resonance exists between 2 10 and 3 that results in a shift upwards ͑com-pared to the uncorrected band͒ of 1.7 cm Ϫ1 . In C 2 HD 3 , we find a resonance triad involving 1 , 3 ϩ 12 , and 6 ϩ 12 , as well as a very strong Fermi type 1 resonance 2 2 Ϸ 9 . The Fermi resonance constant for the latter is found in local mode studies 34 to be 30Ϯ12 cm
; our computed value of 42.30 cm Ϫ1 is at the upper corner of the experimental range. Our computed 2 2 ϭ3091.0 cm Ϫ1 compares very well with the experimental one of 3095.2 cm Ϫ1 . Since both errors go in the same direction, there is every reason to believe that our Fermi resonance constant is sound. The eigenvalues of the Fermi resonance triad are 2277.2, 2284.4, and 2328.8 cm
, in the order 1 , 6 ϩ 12 , 3 ϩ 12 .
Only because two of the three unperturbed states are so close together is any perturbation seen at all: It could as well have been neglected. For the fundamentals of C 2 HD 3 , 10 cm Ϫ1 or better agreement is thus again reached across the board, except for 10 for which only a very approximate experimental value is available.
Finally, for C 2 D 4 some very accurate experimental frequencies are available from the work of Mose et al. 73 Only one Fermi resonance, 2 4 Ϸ 2 , is seen in the calculations, and accounting for it yields a computed 2 ϭ1513.8 cm
, in very good agreement with the observed 1518 cm
. The only errors above 10 cm Ϫ1 are seen for 8 , for which the calculated value is 11.2 cm Ϫ1 too low, and for 6 , where only two approximate experimental values are available: the older one 27 being about 11 cm Ϫ1 higher than our calculations, the newer one 73 being in essentially perfect agreement. On the whole, we can say that the fundamentals of several isotopomers of C 2 H 4 can be reproduced to better than 10 cm Ϫ1 if the necessary precautions are taken for the treatment of Fermi resonances. This appears to validate our computed force field by any standard.
As a final note on the anharmonicities: the computed anharmonic zero-point energy of C 2 H 4 amounts to 10977.4 cm Ϫ1 at the CCSD͑T͒/cc-pVTZ level, or 31.38 kcal/mol, to which we assign an uncertainty ͑based on the accuracy of our computed fundamentals͒ of about 0.1-0.2 kcal/mol. This value should be useful in thermochemical studies.
Computed geometries, rotational constants, and centrifugal distortion constants are found in Table VI . It is clear from the computed rovibrational constants ͑available as supplementary material 74 to the paper͒ that they are fairly reproducible between levels of theory; any differences are primarily due to the different geometries. This would appear to suggest that the effect of zero-point vibration on the geometry would be fairly well reproduced, certainly at levels of theory like CCSD͑T͒/cc-pVTZ. At this level we find the following r e geometry: r CC ϭ1.3371 Å; r CH ϭ1.0832 Å; CCH ϭ121.45 degrees. Martin 7 found that, for a number of reference molecules, single and double bond distances are systematically overestimated at the CCSD͑T͒/cc-pVTZ level by average amounts of 0.0018 and 0.0057 Å, respectively. This would suggest an empirically corrected r e geometry of r CC ϭ1.3314 Å; r CH ϭ1.0814 Å; CCH ϭ121.45 degrees, which we would expect to have an error on the order of 0.001 Å. This stands in sharp contrast with the experimentally derived geometry of Clabo et al., 50 who deduced r CC ϭ1.336 Å; r CH ϭ1.076 Å; CCH ϭ120.95 degrees from the experimental r 0 geometry, 26 although it is in marginal agreement with the estimated r e bond distances of Kuchitsu: 46 r e,CC ϭ1.330Ϯ0.005 Å; r e,CH ϭ1.076Ϯ0.005 Å, as well as in good agreement, except for the shorter CC bond distance, with Duncan's estimated r e structure 28 of r e,CC ϭ1.334Ϯ0.002 Å, r e,CH ϭ1.081Ϯ0.002 Å, and e,CCH ϭ121.32Ϯ0.17 degrees. Not only is the kind of error with respect to the Clabo et al. extrapolated geometry totally out of character with results for other molecules, 7 the difference between their corrected r CC and its uncorrected CCSD͑T͒/cc-pVTZ counterpart goes against the trend of CCSD͑T͒ to overestimate, rather than underestimate, bond distances.
For small changes in the geometry, we can roughly assume that the force field will remain unchanged. If we now substitute our empirically corrected geometry into the spectroscopic analysis for the CCSD͑T͒/cc-pVTZ force field, we find the following ground-state rotational constants: . Error propagation reveals that changes on the order of 0.001 Å in r CH and 0.05 degrees in CCH are sufficient to produce deviations substantially larger than those seen; B 0 and C 0 are somewhat less affected by changes in r CC ͑of which A e is independent͒. Therefore, we can assume that our empirically corrected geometry possesses uncertainties on the order of Ϯ0.001 Å for the bond distances, and less than Ϯ0.1 degrees for the angle. Using the computed anharmonic force field information, we find an r g geometry of r CC ϭ1.3392 Å; r CH ϭ1.1019 Å; CCH ϭ121.11 degrees, to be compared with the observed one:
75 r CC ϭ1.3369͑20͒ Å; r CH ϭ1.1030͑20͒ Å; ϭ120.7͑6͒ degrees. The r z geometry, on the other hand, is computed to be r CC ϭ1.3384 Å; r CH ϭ1.0889 Å; CCH ϭ121.44 degrees, compared to Kuchitsu's experimental determination 46 of r CC ϭ1.3348͑30͒ Å; r CH ϭ1.0902͑30͒ Å; ϭ121.7͑4͒ degrees. So while the CH bond distance and the bond angle are both within the uncertainty of the experimental values, our CC bond distance suggests a somewhat longer value; indeed, more recent experiments by Hirota et al. 47 yield r z,CC ϭ1.3391(13) Å, r z,CH ϭ1.0869(13) Å, and CCH ϭ121.28͑10͒ degrees, in very good agreement with our calculations. The results of Hirota et al. suggest our computed bond angle might be slightly too small and our r CH slightly too long: their effect on the rotational constants are opposite, and might cancel each other.
On the whole, we believe our empirically corrected or estimated r e geometry is considerably more accurate than previous experimental and experimentally derived ones.
Computed quartic and sextic centrifugal distortion constants, both in the A and S reductions, have been given in Table VI , together with the experimental information available. One chief factor in the dependence of these constants on the level of theory is of course the quality of the reference geometry: We have therefore also provided values using the CCSD͑T͒/cc-pVTZ force field together with our empirically corrected geometry. Among the S reduction constants, the extreme sensitivity of H KJ to the level of theory should be noted: It even changes sign between the CCSD͑T͒/cc-pVDZ and CCSD͑T͒/cc-pVTZ levels of theory. The available experimental quartic centrifugal constants of Van Lerberghe et al. 26 approximate the molecule as a symmetric top ͑i.e., it is treated in the S reduction, but with d 1 and d 2 constrained to zero͒, so a useful comparison is not really possible. Cauuet et al., 38 however, determined up to sextic centrifugal constants in the A reduction. Of these, the quartic centrifugal constants are in reasonable ͑for the large ⌬ K and for ␦ K ͒ to excellent agreement with our calculations: any deviations will be partly due to the second-order perturbation theory approximation, partly to vibrational effects ͑since we are comparing calculated ⌬ e with observed ⌬ 0 values͒. The same explanations apply for the sextic constants, which are in much less good agreement but are also much less welldefined experimentally. ͑In this context, it should be noted that even the rotational constants differ by as much as the third digit from a previous determination 26 -a difference well in excess of the quoted statistical uncertainties.͒ Cauuet et al. 38 found first-order Coriolis interactions with the following interaction constants in their analysis: 4 . It should be noted that, similar to the case of Fermi resonance, a resonance criterion based on i -j fails to find several important Coriolis interactions, notably those involving 12 . An improved resonance criterion is outlined in Appendix B. force constants in symmetry coordinates is available as supplementary material 74 to the paper. The quadratic force field appears to be in qualitative, but not quantitative, agreement between the CCSD͑T͒/cc-pVTZ and 2RCISD/TZ2P levels. Agreement between the CCSD͑T͒/cc-pVDZ and CCSD͑T͒/cc-pVTZ quadratic force fields is remarkably good, which was expected given the good agreement between the computed harmonic frequencies. Agreement with the experimentally derived force fields predictably is good for the irreducible representations that contain only one mode, but qualitative differences are seen for the others, especially in the A g block. The interaction force constants in particular differ by as much as a factor of 2, or even have opposite signs, in the 1973 Duncan determination; 27 most of these problems, however, are resolved in the 1981 Duncan refinement, 29 with F 9,10 remaining as the main difference. Interestingly, the small-basis set SCF calculation by Pulay and Meyer 77 is in qualitative agreement with the present calculations, even if-as expected-the actual values for some of the force constants differ considerably due to basis set incompleteness and complete neglect of electron correlation. Given the considerable difficulty involved in solving an inverse eigenvalue problem with this number of parameters, and given the excellent agreement with experiment that we find for our calculated CCSD͑T͒/cc-pVTZ vibrational frequencies, we can safely consider our force constants to be more reliable.
In order to encourage further experimental work on the isotopomers, the following are made available as supplementary material to the paper:
74 ͑a͒ a table with computed r g and r z geometries, as well as rotational and centrifugal distortion constants; ͑b͒ a table with rovibrational coupling constants; and ͑c͒ a table with anharmonicity constants. All these tables cover all deuterated forms of 12 C 2 H 4 .
IV. CONCLUSIONS
The quartic force field of C 2 H 4 has been computed ab initio using augmented coupled cluster methods and basis sets of spd f quality. We have found the following:
-for seven different isotopomers, computed and observed fundamentals generally agree to within 10 cm Ϫ1 or better;
-deviations between computed and experimentally derived harmonic frequencies are substantially larger, due to approximations in the determination of the experimental values;
-some fundamentals of several of the isotopomers studied are involved in fairly complicated resonance polyads;
-an empirically corrected r e geometry is proposed that is shown to be accurate to Ϯ0.001 Å and Ϯ0.1 degrees by an analysis involving computed zero-point motion corrections and comparison of computed and observed ground-state rotational constants;
-CCSD͑T͒/cc-pVDZ results are in surprisingly good agreement with experiment given the small basis set;
-the well-known basis set effect for the CH 2 twist mode 8 is much smaller using correlation consistent basis sets than previously reported for Huzinaga-Dunning type basis sets; -improved diagnostics for the magnitude of Coriolis and Fermi resonance perturbations have been proposed; -summarizing, the first-ever accurate determination of the anharmonic force field of a molecule with more than five atoms has been made. The second-order perturbation theory expressions for the anharmonicity constants of an asymmetric top are well known to be 66, 78 
and where the energy levels ͑relative to the ground state͒ have the usual expression 
